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ABSTRACT A new approach to fetch-limited wave studies is taken in this paper. Using
data fromfive towersarrangedalong a hnefrom the easternshoreof Lake St Clair, the
d~fferentialgrowthbetweentowersis exploredas afunctionof local wave age. It is argued
that this methodavoids the usualfetch-limitedpitfall of inhomogeneityover long fetches
and, in particular, the changesin wind speeddownfetchof an abrupt roughnesschange.
It is foundthat the growth rate decreasesun~formlydownfetchas the wavesapproachfuli
development.Thisdîfferential methodleadsto a smooth transition from rapidly growing
shortfetch wavesto the asymptoticinvariant state offidi development.Whenthevariation
iii wind speedafteran abrupt (landto water) roughnesschangeis taken into account,the
ideaof a universalfetch-limitedgrowth curveis calledinto question.

RSUM On utilise une nouvelleapprochepour étudier les vagueslimitéespar le fetch.
À l’aide de cinq tours installées le long des rives estdu lac Sainte-Claire,on examine
l’accroissementd&érentiel entre les tours enfonction de l’tlge des vagueslocales. On
pensequecetteméthodeévite les problèmeshabituelsde non homogénéitélimitée par le
fetchsur de longuesdistanceset, particulièrement, les changementsde la vitessedu vent
en aval d’un changementsoudainde la rugosité.On constateque le taux d’accroissement
diminueuniformémentenaval dufetchlorsque lesvaguesapprochentdeleurdéveloppement
maximum.La méthodedifférentielleentraîneunetransition régulièredesvaguesde court

ATMOSPHERE-OCEAN30 (3) 1992,457—478 0705-5900/92/OOOO-0457$O1.25/O
‘~ CanadianMeteorologicalandOceanographicSociety
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458 I M. Donelan,M. Skafel, H. Graber, P. Lin, D. Schwaband S. Venkatesh

fetchqui grandissentrapidementau stageasymtotiqueinvariabled’un développementcom-
plet. Lorsqu‘on tient comptedela variation du ventaprèsun changementsoudain<rivage
à eau) de rugosité,on s’interrogesur l’hypothèsed’une courbede croissanceuniverselle
limitéepar lefetch.

i Introduction
The studyof the developmentof wind-generatedwavesin responseto an offshore
wind hasbeenan importantelementin the moregeneralproblemof predictingthe
evolutionof waveson open water bodies. Lt is generally acceptedthatbeyonda
certain critîcal wind speed(see,for example,Kahmaand Donelan,1988) npples
near the shorelinegive rise to longer and larger waves as one moves offshore.
This monotonicdevelopanentcontinuesuntil, at largeenoughdistancesoffshore,
the phasespeedof the iargestwave componentsexceedsthewind speedand the
net rate of developmentapproacheszero. The resulting asymptoticstate of “fuli
development”is difficuit to demonstratefrom field databecausethewind is seldom
uniform overthe long distancesrequiredandusuallywind measurementsare only
available for a few locations. Nonetheiess,the pioneeringstudy of Piersonand
Moskowitz (1964) and more recently that of Ewing andLaing (1987) and the
weight of common expenencehaveenshrinedthe conceptof fuIl development
iii our picture of waves at sea. At the otherend of the developmentscale, the
eariy growth of wavesadvancingfrom an upwind shoreis far betterdocumented
bath in the iaboratory(Sutheriand,1968;Mitsuyasu,1968, 1969;Hidy andPlate,
1966); and in the field (Burling, 1959; Hasseimannet al., 1973; Kahma, 1981;
Donelanet al., 1985; Dobsonet al., 1989). A consistentframework in which to
view thesefetch-limitedwaveshasbeenprovidedby Kitaigorodskii (1962)andhas
generallybeenemployedin the studyof wave growth with fetch. Kitaigorodskii
(1962) hasarguedthat, underconditionsof stationaryandhomogeneousoffshore
wind, suitablynon-dimensionaiizedcharacteristicsof the surfacegravity wave field
can be specifiedby the threeparameters:fetch, x; friction veiocity, u,; and the
gravitationaiacceieration,g; or the non-dimensionalgroupingof thesei = xg/u~,
the non-dimensionalfetch.

The existenceof these two regimesof wave development(“fetch-limited” —

fetch-dependentgrowth; and“fuli-development”— no fetchdependence)implies a
transitionregionbetweenthem. However,ail the fetch-limitedstudiesyield power
iaw dependenciesof wave energyon fetch so that fuli developmentmay not be
achievedat sufficîentiylong fetch. Linear fetchdependencesuchas in Hasselmann
et ai. (1973) shows no tendencyto approachfuil deveiopment,whereasweaker
than linear dependence(e.g. Donelanet ai., 1985) suggestsan approachto fuil
developmentin the lin-fit of infinite fetch. Our expectationsarerathermore along
the unesof the developmentcurves of Bretschneider(1973)basedon the early
work of SverdrupandMunk (1947) in which the transitionto full deveiopment
from fetch-limitedconditionsis via arbitrarily chosenanaiytic functions.Thereis
a clearneedfor suitablefield observationsto establishthe transitionfrom fetch-
limited to fully developedwaves.
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On the Growth Rateof Wind-Generated WavesI 459

There is, however,a daunting list of reasonswhy such field observationshave
notyet beenreported.Perhapsthemost significant reasonlies in theunrealisticas-
sumptionof stationarityandhomogeneityoverthe time- andiength scalesrequired
to achievefuli deveiopment.At typicai wind speedsof 10 m s~ theseare,respec-
tively, of the orderof 16 h and200 km. Quite apartfrom the probiemof observing
the wind at sufficiently frequentintervals* overthe entirefetch, the difficult ques-
tion remainsabout how to treat a non-stationaryor inhomogeneouswind within
the structureof the Kitaigorodskii siniiiarity hypothesis.Uniessthe offshorewind
direction is exactly normalto a straightbeach,the directionof wavepropagation
wiii dependon the adjacentshorelinegeometry(Donelan et ai., 1985). Another
sourceof inhomogeneityin the wind arisesthroughthe changein roughnesswhen
thewind leavestheshoreto developanewboundarylayeroverthemuch smoother
water (Tayior andLee, 1984). This questionbasbeeniooked at in anotherfetch-
limited study (Dobsonet ai., 1989)andrecommendedtherethat the linear average
over fetch (of the time averageoverthe record)be usedas the appropriatescaling
variable.Since feîch-iimitedwaveenergyscalesroughly with the secondpowerof
the wind speedit is not at ail clear that linear averagesare appropriateor eventhat
the time averageof the wind speedis relevantratherthan,say, [U2(t)] 1/2

Janssenet ai. (1987)havesuggestedthat growth curvesscaiemore cioseiy with
u~ than with U, the mean wind speedat 10-m height. However, in such fetch-
limited studies,the friction velocity is generallydeducedfrom themeasuredwind
speedvia someempiricaiiy determineddragcoefficient ratherthan directly mea-
sured.Thiscals into questionthe accuracyandappiicabiiity of the dragcoefficient
formulationto the particular circumstancesof acquiringthe wave data.

A furtherproblemassociatedwith the studyof the developmentof wind waves
is theeffect of sweii on the wind sea. Donelan(1987) bassuggestedthat the weli
knownreductionin the energyof laboratorywind waveswhenmechanical(swell)
wavesare addedis dueto thesweii-induceddetuningof the resonanceconditionsfor
quartetnon-linearwave-waveinteractions.Simiiar effectshaveaiso beenobserved
in LakeOntario in the unusualcircumstanceof the coexistenceof seaandswell.
However,Dobsonet ai. (1989) find goodagreementof their growth laws froru the
swell-infestedAtiantic off Nova Scotiawith those derivedfrom swell-freedataon
LakeOntario (Donelanet ai., 1985).The questionof the effect of swell on wind
seagrowth is far from resoived.In the meantimeit behoovesus to seeka consistent
set of observationsin a sweli-free environment.

The establishmentof an accuratefetch-limited “law” is of such fundamental

~An estimateof a suitableinterval may bededucedfrom the scaleof separationof mesoscalenid
microscalefluctuationsin the marineatmosphericboundarylayer— “the spectralgap”. The microscale
fluctuationsarise throughdirect interaction of the low-level wind with theboundaryandthusmaybe
pararnetrizedvia the wind and suchboundary-layercharacteristicsas roughnessandthermalstability.
The mesoscalefluctuations, on the other hand,arise throughlarger scaleplanetaryboundarylayer
dynamicsand may flot be deducedfrom the observedsurfacewind at a point. Therefore,in order to
track the mesoscalevariability, the wind observingstationsshould be separatedby a distanceof the
orderof themeanwind speed/frequencyof thespectralgap. Pierson(1983) basreportedobservations
of horizontal wind spectrathat place thespectralgapat about0.0008 Hz, so that in a typical mean
wind of 10 m

5~ theappropriatespacingof observingstationsis about12 km.
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460 I M. Donelan, M. Skafel, H. Graber, P. Liu, D. Schwaband S. Venkatesh

Fig. I Map of LakeSt Clair, locatedwithin theLaurentianGreatLakessystem,showingthelocation
of towers (C, U) nid buoys (M).

importancein assessingthe fideiity of numericaiwave predictionmodeis(see,for
example,swAMî’ ciROUP, 1986) that a freshlook at the probiemis warranted.

Theseambitîousgoals were part of the motivation for anextensivefield exper-
iment on Lalçe St Clair in the fali of 1985. This work attemptsto usethesewave
andwind data to realize the twîn goals of establishingan accuratefetch-iimited
growth Iaw andthe approachto fuli deveiopment.

82
055W 820 25W
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On the Growth Rateof Wind-Generated WavesI 461

TABLE I. Biasesnid rmsdîfferencesof individualbuoys
from theaverage

BuoyNo.

Wind Speed Wind Direction

Bias rats
(O) (O)

Bias
(m ~l)

rms
(m s

1)

3
3

—0.10
—0.45

0.10

0.49
0.51
0.48

—
—4
—1.5

19
Il
10

2 The expenment
During 1985, scientistsof the National WaterResearchInstitute(NWRI) of En-
vironment Canadaand of the GreatLakesEnvironmentalResearchLaboratory
(GLERL) of the (U.S.) NationalOceanicandAtmosphencAdministration,set up
six waveobservingtowerson Laie StClair (Fig. 1). Fiveof the towerswerealigned
aiong a bearingof 2950 True — this bearingbeing in the most likeiy directionof
the expectedintensefail winds andalso being normai to the eastemshore.The
sixth toweriay near the southernshore.Three towerswere equippedandoperated
by NWRI and threeby GLERI. Theseare designatedC andU respectivelyin
Fig. 1. The NWRI towers supportedthreecapacitancewave staffs arrangedin a
right isoscelestriangle of 25-cm adjacentsidesand were equippedwith eithera
cup anemometer(towersCl andC3) or a wind vane(tower C2). The datawere
digitized at 4 Hz andrecordedm situ. The tapeswere changedweekly and, to
avoid exhaustingthe iimited data capacity, recordingswere madeonly on even
hoursand then oniy if the meanwind exceededa presetthreshold.Eachrecording
Iasted20 min or 250 wave periodsof the iongestwavesexpected.The GLERL
towers supporteda singieZwarts(1974)wavegaugeandthe instantaneoussurface
elevationwastransmittedvia frequencymoduiatedradioiink to shore,whereit was
then digitized at 4 Hz. Thus the NWRI towersyieidedsomeinformation on wave
direction andon wind speedor direction, but the recordswere discontinuousand
no very iight wind caseswere recorded.The GLERL towers yielded continuous
wave information and that oniy. Thesedifferent approachesaiiowed us to study
many different aspectsof wave growth anddissipation.

Threemeteorologicalbuoys,eachconsistingof a mooredtoroidai float with an
attachedinstrumenttower, (designatedMl, M2 andM3 inFig. 1) providedthedata
on the wind field. Thebuoysmeasuredwind speed(scalaraverage),wind direction
andair temperatureat 4 m abovethe water surface,and water temperaturejust
below the surface.Ail datavaiueswereaveragedoverthe 20-min waverecording
periodeachhour.Thedesignaccuraciesof thesensorswere1 ru s1 for wind speed,
50 for wind direction, 0.5<’C for air temperatureand0.20C for water temperature.
Hourly datafroru the availablebuoyswere then averagedto providea singlemid-
laie value of eachmeasuredparameterfor eachwave recordingpenod.In order
to check the validity of using a single averagewind, we comparedthe buoys
individually with theaverageof thebuoys(up to three)reportingin any hour.The
biasesandrms differencesof eachbuoy fromthe averageof thebuoysaregivenin
Table 1. The rms differencesinclude thebiasesandareabout0.5 m s1 anci 150.
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462 iM. Donelan, M. Skafel, H. Graber, P. Liu, D. Schwaband S. Venkatesh

Theseare comparableto the design accuraciesand it was consideredacceptable
to use a lake-wideaverageof ail reporting buoys. This ensuredthat therewere
wind datato comparewith wavedatain ail cases.The wind speeds(towersC3 and
Cl) anddirection(tower C2) reportedby the NWRI towers were useful oniy as
a checkon the buoyssincetheir reportingschemewas conditionalon evenhours
and high winds. The GLERL towers,on the otherhand,hadno wind information
but reportedwave information continuousiy.

In order to removethe influenceof atmosphericstability on subsequentanalyses
of wavegrowthparameters,ail wind speedswereconvertedto anequivalentneutrai
10-m wind speedby the following procedure.For eachhour, the wind speed,air
temperature,and water temperaturedata were used to determinewind friction
velocity (u,), Monin-Obukhovstability length (L), andsurfaceroughness(Zo), by
nieansof theprofile methoddescribedin Liu andSchwab(1987).Thismethoduses
the Chamockrelationzo = ou~/g aiong with dimensioniessstabiiity functionsfor
stableandunstableconditionsas given by Long andShaffer(1975). Thena 10-
ni wind speedfor a neutral wind speedprofile that producesthe samefriction
ve]ocity u~ as the actuaiprofile was deterniined.This 10-m wind speedis used
in ail subsequentcalculations.Liu and Schwab (1987) show that normalization
of waveparametersusing the profile friction velocity u~ (or the 10-m equivalent
neutralwind speed,sinceit isjustaconstanttimesu~) determinedby this procedure
effectivelyeliminatesthe influenceof atmosphericstabiiity on wavegrowth curves.

The20-minaveragevaluesof 10-mequivaientneutralwind speed,wind direction
and air-water temperaturedifferenceare plotted in Fig. 2. After day 307, wind
speedsfrequently exceeded10 m s’ and reached20 m s’ on day 336. The
air-seatemperaturedifferencerangedfrom 8 to —1 10C.

The useof mid-lakewinds for ail the towerswouid lead10 a sysîematicbias for
îowersCl, U1, C2 andpossiblyU2 in aneastwind, sincethe wind speedincreases
as the air blows from land (rough) to water (smoother).Dobson et aI. (1989)
havedemonstratedthe importanceof correctingfor this bias, andwe adopt the
saineprocedureof applying the Taylor andLee (1984)guidelinesto caiculatethe
expecîedvaluesat differentfetchesfrom the mid-iakemeasurements.We appiied
theprocedureto each20-minaveragetaking into accountthechangesin fetch with
wind direction. For an easterlywind the upwind iand surfaceis fiat andconsists
largely of marshes,to which we assigneda roughnessiengthof 0.07 m. Westerly
winds, on the otherhand,are assigneda roughnessiength of 1 ni appropriateto
flow overupwind urbanareas(Oke, 1978).Theoveriakeroughnessis deducedfrom
the relationshipbetweenroughnesslength andwave parametersgivenby Donelan
(1990).Thewaveparametersare calculatedat mid-lake froni the JONSWAPrelations
(Hasselmannet al., 1973).

Dobsonet ai. (1989) recomniendtheuse of a linear averageof the wind speed
aiongfetchratherthan thewind speedaI thepointof waveobservation.Webelieve
that the root-mean-square(rms) wind speedis moreappropriatesincewaveenergy
scalesroughly with the squareof wind speed(Hasselmannet ai., 1973).Conse-
quently, for eachcase at eachtower we computedthe Taylor andLeecorrected
winds for ten iinearly spacedpoints aiongthe fetch, andusedthernis of thesefor
the wind speed.
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On the Growth Rateof Wind-Generated WavesI 463

Wind Speed

o___n k
Wind Direction

o

Tw.1

o
— ~ —

257 267 277 287 297

Day (1985)
307 317 327 337

Fig. 2 Averagemeteorologicalconditionsthroughouttheexperiment:autumn 1985.

Application of the Taylor andLee guidelinesin this way led to a substantial
reductionin the easterlywind speedat Cl andprogressivelysmalierchangesat
the other towers, with that at C3 being essentialiyunchangedfrom the mid-iake
average.Thenet effectof employingthesefetch-correctedwinds was a significant
improvementin the correlationof wind andwave parameterswhenail towers are
consideredtogether.

3 Analysis

a WaveSpectra
The spectrafor the wavesmeasuredat ail towers were computedin the saine
fashion.Thetime seriesfrom theU.S. towerswere processedat GLERL andthose
from the Canadiantowers at NWRJ. Before routine analysisbegan,spectrawere
computedon the sametime senesby both groups andvarious subjectiveaspects
(e.g. detrending,windowîng) of the anaiysîsprogramsadjustedso that the resuits
wereidenticai.By usingexactlyequivalentaigorithmsto processthedata,we could
be certain that smail differencesin the resultswere indeedreal andnot theresult
of themethod.

Therecordingswere of 20-minduration,sampiedat4 sampless~.Theresuitant
spectraarethe averageof four spectraeachcomputedfrom 1024 scans,thususing
a totalof 17 min 4 sof eachrecording.The frequencyincrementfor thespectrais

o-

La.

Air-Water Temperature Difference
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464 I M. Donelan,M. Skafel, H. Graber, P. Liu, D. Schwaband S. Venkatesh

a

<z

b
0.4

Hu
2,m

Fig. 3 Comparisonof significantheight measurementsbetweenUS.andCanadianTowers: (a) height
interpolatedbetweentowers Ul and U2 (Huî,U2) vs height at towerC2 (Hc2); (b) Hc2,c3 VS

H~j2; (c) Hclc2 vsHul.

0.03125Hz, 50 that the degreesof freedomfor a spectrumwith no missingdatais
64. From the spectra,the characteristicwaveheightswere computedas four times
the squarerootof thevariance.Thepeakfrequencywasdeterminedin thefoilowing
way: the frequencyassociatedwith the iargestspectralcomponentwas found; then
using that spectralcomponentandthe valuesof the spectralcomponentson either
side of it, the peakfrequencywas definedas the resuitantcentroid.

m
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On the Growth Rateof Wind-Generated WavesI 465

Cl

c

Such spectrahave90% confidencelimits of 0.75—1.33of the true value, andthe
expectedcoefficientof variationof the peakfrequencyestimatesis about2.5%,
and the 90% confidencelimits on the significant height are about+8% (Bishop
andDonelan,1988).

In order to check the consistencyof measurementsby the two very different
measuringsystems(U.S. and Canadian),we exanunedcasesin which the wind
directionwas withîn +300 of theuneof towers. In everycasewherethreeadjacent
towersreporteddatawehaveplottedthemeasuredvalueat themiddletoweragainst
the interpolatedvalue from the outer towers to the location of the middle tower,
assumingthe energy is linear in fetch. Agreement90% of the time within the
90%confidencelimits of the450 unesuggestsa closecorrespondencebetweenthe
measuringsystenis.Suchagreementis seenin Fîgs 3aandb; theagreementis only
slightiy worsein Fig. 3c. Similarly, 90% of the peakperiodestimates(Fig. 4) are
within 2 standarddeviationsof themean.Here the interpolationwas proportionai
to x 113. Evidently the five towers,U1, U2, Cl, C2 andC3, are a consistentset and
permit the acquisitionof meaningfuldifferential measurementsamongthemselves.

b DqferentialGrowth
Attemptsto establishfetch lawsfor wave energyand frequencyhavenot yielded
consistentresuits.Among thereasonsfor titis, givenin the introduction,two appear
to beprominent,namely,thevariationin wind speedalongfetchgen~rallycausedby
the abruptchangein roughnessfrom land to sea(Taylor andLee, 1984;Dobsonet
ai., 1989); andthedifferencesin waveandwind propagationdueto fetchgeometry
(Donelanet ai., 1985). Bothof theseeffectsaremostpronouncedcloseto shore,
so that direct applicationof scalingmethodsto wave properties,basedon fetch to
the point of observationandon an averagewind, are likely to be distorted to a

I1u3,w

Fig. 3 (Concluded).
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466 I M. Donelan,M. Skafel, H. Graber, P. Liu, D. Schwaband S. Venkatesh

‘n

0<

a

‘n

c’,

01

b

Tu2,s

Fig. 4 ComparisonofpeakpenodmeasurementsbetweenU.S. andCanadiantowers: (a) periodinter-
polatedbetweentowers Ul anti U2 (TU1,U2) vs perioti at tower C2 (Tc2); (b) TC2,C3vs Tu~;
(c) Tcî,c2 vs TU1.

greateror lesserextentdependingon the degreeof roughnesschange,complexity
of shorelinegeometryandfetchof theobservingpointor points.Furtitermore,there
is virtualiy no possibiiity of observingfuil developmentin sucit a mannersince
adequatehorizontalhomogeneityoverthe fuli fetchsimply doesnot occur.

In the following, we use the multiple observingstationsin LakeSt Clair to cir-
cumventthesedifficulties by looking at differentiai growth betweenstationsrather

4

Tc
2,s
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On the Growth Rate of Wind-Generated WavesI 467

‘n

0<c

c

thanoverali fetch-dependence.From the differential growth versuswave age“iaw”
andthe excellentlocal correlationbetweennon-dimensionalenergyandwave age,
we canreconstructthe fetch-dependentgrowth of wavesin an offshorewînd. Fur-
thermore,the tue and fetchvariation in meanwind may easily be accommodated
in the differential approacitwe takehere.

We consideronly casesin which the meanwind speedexceeds3 m 51 and
the meanwind direction lies within ±30~of the une of towers. Forconsistency,
we choseto use the wind direction, which is available ail the time. Since the
une of towers is nearly normal to both eastand west shorelines,we would not
expectlargedifferencesin wave andwind directionsfor the restricteddata within
+300 of the uneof towers. Both eastwinds (85—145e)andwest winds (265~325O)
are considered.Sincewe are interestedin the deep-waterfetch laws, only casesin
which the depth-to-peakwavelengthratio exceeds0.3 are admitted.Thenoiselevel
due to quantizationand telemetryon the U.S. towers was estimatedto be about
0.02 m; thereforea varianceof 0.0004m2 was subtractedfrom the U.S. data.The
noise level on the Canadiantowersfrom instrumentnoiseandquantizationerrors
was less titan 0.001 m and thereforenegligible.A lower lin-fit on the wave heights
was placedat 0.02 m to avoid excessiveerrorsdue to quantizationand telemetry
noise.

It is well known that theainountof wind input to surfacewaves,asreflectedin
the fractional energyincreaseper radian,is relatedto the ratio of wind speedto
wave phasespeed(e.g.DonelanandHui, 1990). In the overaîlenergybalanceof a
deep-waterwind sea,otherprocessessucitas non-linearwave-waveinteractionsand
wave dissipationare also important (Hasselmannet al., 1973).Theseare closely
reiatedto the wave steepness,which itself is proportionalto the inversewaveage
U/cp (Huanget ai. 1981) wherec<, is thephasespeedof the wavesat the spectral

Tu1,S

Fig. 4 (Conctuded).
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pealc.Inasmuchas ail titedynamiccomponentsof theenergybalance(the so-called
sourceîsinkfunctions) are closely relatedto the wind speedto wave phasespeed
ratio, it is reasonableto expect the overaîlgrowtit rate(i.e. the increaseof surface
elevationvariance) to be dependentprincipally on tite inverse wave age U/c~,.
Accordingly, in Fig. Sawe havegraphedthe overaîl fractionalenergyincreaseper
radian,c

8L~e/ûpeAx versusU/c~. Here cg is thetheoreticalgroup velocity at the
peak(radian) frequencyoe,,, e is the varianceof surfaceelevation(‘<energy”) and
Ax is the fetchdifferencebetweenadjacenttowers,i.e. the distancebetweenthem
inultiplied by the cosineof theanglebetweenthe wind directionandtite towerline.
Note that in deepwater the theoretical(linear) group velocity cg = g/2oe~where
g is the accelerationdue to gravity. The arithmeticmeanof tower pairs of the e
and oep valuesare usedin (1), and tite correspondingcg is calculatedfrom it.

Thereis a greatdealof scatterin the pointsof Fig. Sa (correlationcoefficient=

0.62)but titis is to be expected,given the +8%confidencelimits on the significant
height(about+16%on theenergy)ateacitlocationandtheexpecteddifference,Ae,
betweenlocations.Forexample,if thefetch-limitedgrowthof energyis proportional
to tite nth powerof fetcit, as in ail publishedgrowtit curves, then Ae/e = nAx/x.

Usingtite lineargrowth rateof JONSWAP (Hasselmannet ai., 1973)Ae/e is about ~
on averagefor eastwinds (Fig. 1) and less titan I for west winds. This, coupled5
with the +16%confidencelimits on the energyatbotit towersof a pair, meansthat
tite 90% confidencelimits onthe expectedvalueof thedifferenceare0.36and 1.64
for eastwinds and far wider for westwinds. Only datafor whichAx/x exceeds~
areincludedin Fig.Sa.Titis criterioneliminatestite westwindsand 12%of the east
wind cases.Thesymbolsidentify tite towerpairsusedfor eachobservedfractional
energyincrease.The solid une is the linear regressionconsideringindividual data
pointsandthedasitedunesaretheexpected9S%confidencelimits of the regression.

The scatterof tite datais a consequenceof tite appreciablesamplingvariability of
the estimatesof waveenergy,compoundedby tite relatively small fetchdifferences
betweentowerpairs.Botit of thesesourcesof variability canbe reduced,butonly
by increasingthe averagingtime of theenergy estimatesand the fetchdifference
betweentowers. Doing titis, itowever, would place stricter requirementson the
stationarity andhomogeneityof tite growtit processtitan are acitievablewith real
data.Titis is tite classicdilemma in analysinggeophysicaldata, accentuateditere
becausewe seekto estimatea differential propertyof theprocess.Wearelimited,
titerefore,to datasetsthatare short in time andcompactin space.

In spiteof tite scatter,we know witit tite probability of 0.9S titat tite true re-
gressionune falîs wititin the ityperbolaesitown. The point of “fuli development”
correspondsto the valueof U/cp witere tite growtit une changessign. The wave
energyat fuli developmentdependsrathersensîtivelyon titis. The pointof fuil de-
velopment(U/cp = 0.83) determinedby PiersonandMoskowitz (1964) hasbeen
venfied by otiter long-fetcit studies,e.g.Ewing andLaing, l987t. Witit titis point
fixed, two limiting straigitt unesfaîl wititin tite 9S%confidencelimits (Fig. Sb):

fEwing andLaing published33 casesof which 14 were believedto be steadyandhomOgeneoUs.
The averageU/cp froni these14 was0.86 + 0.10.
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Fig. 5 Normalizeddifferential growth versusU/c~: (a) individual datapoints: U2 to C3 (x); Cl to
Ul (O); Ul to C2 (*); Ul to U2 (+). The linear regression(—) and 95%confidencelimits

—) are also shown.(b) linear regression(—) and95% confidencelinnts ( . j of (a) are
shown.The curvesdeflnedby zerogrowthat U/c9 = 0.83 andtangent10 thetwo confidence
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100
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b
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0.0023g2U08c~2

Fig. 6 Dependenceof waveenergyon wind speedandpeakphasespeed:(a) non-dimensionalform
with resulting regressionune (—) and95%confidencelimits (. —); and(b) dimensionalform
usingtherelationshipdeducedfromEq. (3h).

cg ~=A(Yi~0.83)
(1)

= 0.72x io~; Amin = 0.65 X i0~

The determinationof fetch-dependentgrowtit, e(x), froni the differentiai growth
rate(1) requiresa reiationshipbetweene andU/cp. This is bestexpressedin the
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On the Growth Rate of Wind-Generated WavesI 471

non-dimensionalcoordinatesof Kitaigorodskii (1962): è = eg
2/U4 vs U/c~. Ail

the datahavebeenplottedin titis way in Fig. 6a.Apart from a itandful of outiiers,
the dataaretightly clusteredaboutthe regressionune.The rangeof U/c~ is wide
— extendingfrom fuli developmentto aboutS.8. Titere are moredata points in
titis plot titan in the differential plot of Fig. Sa, becausenot ail time slots were
filled by ail towers, titereby reducingthe numberof differences.At first glance it
may seemcuriousthat titere is no tendencyto “saturation”of titesedatanearfuli
deveiopment.However, it shouidbe notedthat titis is flot a fetcit diagramandthere
is no requirementthat approacit to fuil developmentsitould producea levelling
off of the non-dimensionalenergy.Over the entirerange the points lie along a
consistentune,whicit is well representedby the fitted regressionune:

eg2 =0.0022 (~)~3.3 (2)

with the correlationcoefficient—0.9S.Themaximumlikelihoodregressionuneitas
beendeterminedusingrms errorsin U, e andc~ of 8, 16 and4%, respectively.
The wind speedvariability is taken from the observedrms differencesbetween
buoysdividedby the meanspeed.The samplingvariability in the wave parameters
is determinedin the mannerdescribedby Bishop andDonelan(1988).The 9S%
confidencelimits for titis regressionune are also given in Fig. 6a.

The appearanceof a commonvariable,with somesamplingerror,on bothordi-
nate and abscissa,raisesthepossibility of a spunouscorrelation (Kenney,1982).
Maat et ai. (1991) havesuggestedtitat tite effectsof possiblespuriouscorrelations
may be citecked by rearrangingthe non-dimensionaiform of the equationinto di-
mensionalform so that no variable appearson both sides.A higit correlationof
thesedimensionalvariables is takenasevidencetitat theoriginal non-dimensional
regressionline is flot greatiy affected by spuriouscorrelations.In our case,titis
is a itighly subjectiveand very insensitivetest, sincequite large changesin the
exponentof U/c~ in (2) stili yield higit correlations.

We takea somewitatdifferentapproachhere.Thedimensionalformof theenergy
equation(sucit as (2)) maybe wnttenwititout assignînga specific value to thephase
speed(or wind) exponent:

e — ag2c~U4~ (3a)

Titis form doesnot suffer from spuriouscorrelationeffectsand the datamay be
usedto determineaandfr Here~ was determinedby requiringthat tite correlation
betweentite logarithms of tite left- and right-handsides be a maximum. (The
wave variance,e, coversnearlytitree ordersof magnitudeso that tite useof linear
variableswould weight theresuits tooheavily towardstrongwind andhigit U/c~.)

Once[3was detennined,a followed from minimizing thesquaresof thedifferences
betweenthe ieft- and right-handsidesof (3a). Tite resuiting dimensionalrelation
for e versus U and cp ~5

e = 0.0023g2U08c32 (3b)
p

witit correlationcoefficientof 0.94, andis shownin Fig. 6b.
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Fig. 7 Non-dimensionalfetch dependenceof waveenergy. (a) Eq. (Sa) (—) with 95% confidence
limita (- . ~);JONSWAP with a Pierson-Moskowitzfuil developmentlimit (——); SMB (— - —). (b)

Eq. (Sa) (—; extrapolated:——) andthe 95%confidencelimits (. . O showing therelationto
thesedata(*). Eq. (Sa) (—) showingtherelationshipto the JON5WAPregressionune (——) and
the JON5WAP data C’).
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102 I0~ 10~ 10~ 106

U
2

Fig. 7 (Concluded).

A furtiter checkon the validity of tite procedurewas carriedoutby dividing the
762 data points into titree equal partsand repeatingtite procedure.The valuesof
Cc and [3citangedin the titird significant figure only.

Equation(3b) may be reorganizedin non-dimensionalform:
2 _ f

eg — 0.0023 £ —3.2

J (3c)

Note titat the pureiy spuriouscorrelationhasa siope of —4, so titat equation(2),
whicit is spuriousto somedegree,hasa steepersiope titan (3c).

Combining(1) and (3c) andusingAe/Ax as an estimateof the derivative,tite
fetcit-dependentdifferential growth may be written in tite form:

de _

(4a)

or in non-dimensionalform:

dé
—=2 I—i F~F

2
\cp/

(4b)

whereF1 andF2 are functionsof U/cp definedby tite right-handsidesof (1) and
(3c) and i is the non-dimensionalfetch (xg/U

2). For a steadyand itomogeneous
wind, titis is integrablein closedform:

i = 4.09 x i04 in — 5~41î32) — 2.27 x 10~(1 + 2.77é1132)é1132 (Sa)
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Fig. 8 Inversewave age (U/c,,) vs non-dimensionalfetch: Eq. (5b) (—) with 95%confidencelinuts
--- ~);JON5WAP with aPierson-Moskowitzfuit developmentlimit (——); SMB ( . —). (b) Caicu-
latedinversewaveage (—; extrapolated:— —) andthe95%confidencelimits ... .) showing the
relationshipto thesedata(*). (c) Calculatedinversewaveage (—) showingtherelationshipto
the JON5WAI< regressionlime (——) andthe JON5WAP data(*).
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On the Growth Rateof Wind-Generated Waves 47~

toi .

~ îo~

to-I ,.,,.,,..,...,,,,,,,,.~,,,.,,,.,,,,,,. c
xg
U

2

Fig. 8 (Concluded).

This fetcit-dependenceis sitown on Fig. 7a,along with two weil known modeis.
The current model fails below tite SMB model but is in good agreementwith,
altitougit sligittly above,JONSWAPat botit sitort-fetcit and fuil development,witere
titey botit dependon PiersonandMoskowitz (1964). In Figs 7b andc, tite model
is comparedwith tite current datasetandwitit the JONSWAPset, respectively,and is
consistentwith botit sets.

The non-dimensionalfetch versusinversewave age for constantwind is given
by

U

x=4.09x1041n( t) .40x104(.~§+0.415)(~) (Sb)

Tite modelledinversewave ageversusfetcit is sitown in Fig. 8a, along witit the
modelscorrespondingto Fig. 7a.Again, agreementwitit JONSWAP is good except
in tite transitionregion betweenshort fetcit and fuli development.The model is
comparedwith tite current datasetin Fig. 8b andwitit the JONSWAPset in Fig. 8c,
and is consistentwitit botit sets.

For unsteadyor initomogeneouswinds, the fetchdependencecanbe denvedby
numericalintegrationof (4). The numericaiprocedurefor integrating(4) to derive
the correspondingfetcit law,e(x) or è(~) advancesfrom the sitore downwindwith
(3c) applied at eacit space stepto determinetite new wave age. There is some
difficulty in starting tite processsince at tite sitorelinee(0) = O and U/cp = 00.
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c’IL

Fig. 9 Non-dimensionalfetch dependencefrom numericalintegrationof Eq. (4), for constantU with
fetch andthreevaluesof spatialgustinessy 0.0 (—); 0.2 (— -—); 0.4 (——), and for a meanU
varying with fetch accordingto Taylor and Lee (1984) and y = O: U = 5 m s~ (
U=10ms’(- -

Thecomplicatedprocessof initiating wavesatthezerofetchpoint isnot represented
by tite gravity wavegrowtit rate (1) measureditere. The problemis easily avoided
by using(Sa) to obtaintite startingenergye(xî) wherex

1 is thefirst offsitorepoint.
In order to simulaterealistic fetcit-dependentgrowtit the wind is not iteld con-

stant,but insteadat eacitspacestepvaluesarecitosenat randomfrom a Gaussian
distribution of meanU andstandarddeviationyU. Typical valuesof the ratio of
standarddeviationto meanfor tite microscaleare in tite neigitborhoodof 0.1. The
effect of different levels of “spatial gustiness”is exploredin Fig. 9, in witich fetcit
growth hasbeencalculatedusingy = 0, 0.2 and0.4. Thesecurvesare obtainedby
averaging50 “Monte Carlo” repetitionsin eachcase.The principal differencein
the growtit curvesoccursnearfull developmentandit is seentitat spatialvariability
increasestite asymptoticenergyvalues.

If we allow tite mean U to vary wîtit fetch, accordingto tite Taylor and Lee
guidelines,we find (Fig. 9) that tite growtit ratesare initially lower titan those
for constantwind but surpassthoseat mid-fetchandeventuallyreacitthe saniefull
developmentasymptote.In eacit casetite axesare normalizedby tite meanwind
at fuil development.Furtitermore,the non-dimensionalizedgrowtit ratesare now
wind speeddependentbecausethe developmentof tite internaiboundary-layerover
water dependson wind speedand on surfacerougitness,which itself is dependent
on wind speed.Thecurvesof Fig. 9 arenot well representedby simplepowerlaws
and tite introductionof realisticboundary-layerdevelopnientat short fetcit reveals
a clearwînd speeddependenceof tite non-dimensionalgrowth rates.

xg
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On the Growth Rate of Wind-Generated WavesI 477

4 Discussion and conclusions
The downwinddevelopmentof wavesfrom a windwardsitore in steadyconditions
has traditionallyprovidedthe mostaccessibledataon tite naturalevolutionof wind
waves. Simple geometry and long tue historiesfrom fixed points simpuify the
analysisand lead, in principle, to a reproduciblefetcit-limited growtit “law”. In
spiteof titis, variousfetcit-limited experimentshaveyieldedquite differentconclu-
sionsregardingtite rate of deveiopmentdownfetcit. We havearguedtitat, among
tite severalreasonsfor titese differences,wind variability along fetch, boundary-
layer stabiiity and upwind sitoreline geometryare prominent. Perhapsit is time
to abandontite ideatitat a universalpowerlaw for non-dimensionalfetcit-limited
growth rateis anytiting more titan an idealization.

Futiher, it is generallyacceptedtitat at sufficiently long fetcit, tite wave growtit
rate becomesvanishingly small and a state of “fuli development” is asymptoti-
cally approacited.If tite transition from fetcit-lîmited to fuli developmentoccurs
smoothly, titen the siope of the fetch growth “law” takes on steadilydecreasing
valuesdownfetcit. This, titen, is anotiterpossiblecauseof tite differencesin oh-
servedfetcit growtit rates, thevery short fetcit experimentstending to find higiter
growthratestitan tite long-fetcit observations.

In titis paperwe haveattemptedto avoid the difficulties associatedwitit fetcit-
iimited studiesby exanrimng local differencesratiter titan tite overail fetcit be-
itaviour. In sucit an approacit,tite differencesbetweenstationsare representativeof
tite incrementalgrowtit betweenstations,andwith increasingfetch tite decreasein
growtit rate is readily observed.On theother itand, the statisticalvariabiiity miter-
ent in tite estimationof wave propertiesleadsto substantialscatterin tite energy
differencestakenoverrelatively small fetcit differences.
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